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In superconductor-topological insulator-superconductor hybrid junctions, the barrier edge states
are expected to be protected against backscattering, to generate unconventional proximity effects,
and, possibly, to signal the presence of Majorana fermions. The standards of proximity modes for
these types of structures have to be settled for a neat identification of possible new entities. Through
a systematic and complete set of measurements of the Josephson properties we find evidence of
ballistic transport in coplanar Al-Bi2Se3-Al junctions that we attribute to a coherent transport
through the topological edge state. The shunting effect of the bulk only influences the normal
transport. This behavior, which can be considered to some extent universal, is fairly independent
of the specific features of superconducting electrodes. A comparative study of Shubnikov - de Haas
oscillations and Scanning Tunneling Spectroscopy gave an experimental signature compatible with
a two dimensional electron transport channel with a Dirac dispersion relation. A reduction of the
size of the Bi2Se3 flakes to the nanoscale is an unavoidable step to drive Josephson junctions in the
proper regime to detect possible distinctive features of Majorana fermions.
I. INTRODUCTION
The understanding of how superconductivity propa-
gates in metallic-like barriers has progressively become
more and more comprehensive, taking advantage of the
possibility of manufacturing a larger variety of inter-
faces and materials. Examples of recent success come
from a full description of superconductor-ferromagnet-
superconductor (S-F-S) junctions1,2, or from the possibil-
ity to include nano/mesoscopic features into a standard
proximity effect3–5. Novel flavors on the proximity effect
are recently coming from the integration of nanowires, or
quasi bi-dimensional systems, such as the edge states of
topological insulators (TIs)6–13, as barriers. Here, well
established and universally accepted concepts need to be
revised. This is the case of the proximity effect through
a TI barrier, where the transport through topologically
protected edge states leads to a completely novel Joseph-
son phenomenology, which should manifest neat finger-
prints of Majorana fermions. These particles, which are
their own antiparticles, are indeed expected to emerge in
hybrid structures, involving the interface between a su-
perconductor and a TI6,14,15, or between a superconduc-
tor and a nanowire with strong spin orbit interaction16,17.
Superconducting hybrid structures are also considered a
crucial step towards a topological quantum computer,
which would be exceptionally well protected from er-
rors, thanks to the non-Abelian statistics of Majorana
fermions18,19.
Only a full understanding of proximity effect in super-
conductor - topological insulator structures can permit
a clear identification of what comes from the particular
morphology of the junction, and what is really uncon-
ventional in the sense of imprinting of topologically non
trivial states. For example, the presence of topologically
protected Majorana bound states (MBS) is expected to
influence the current-phase relation (CPR) of a hybrid
superconductor-topological insulator-superconductor (S-
TI-S) Josephson junction20. Phase sensitive measure-
ments, such as the study of Shapiro steps and magnetic
modulations in superconducting quantum interference
devices (SQUIDs) and Josephson junctions, are good
candidates to verify the presence of anomalous CPR in
proximity devices with TI barriers21–23.
Recent experiments have shown the first observation
of a Josephson supercurrent through topological insu-
lators Bi2Se3
24–29 and Bi2Te3
27,30–33. These Bi-based
materials exhibit a residual bulk conductance that in-
fluences the electronic transport as a shunting channel,
and that could“in principle” mask signatures of induced
superconductivity in the topological surface states. The
contribution of the bulk is completely suppressed when
strained HgTe is used as a barrier in S-TI-S hybrid
junctions34. However, also for these structures, the ex-
perimental study of the proximity Josephson effect has
revealed only ordinary features characteristic of a con-
ventional Josephson effect with a sinϕ CPR. This seems
to be consistent with the fact that the conditions to ob-
serve MBS related phenomenology are rather stringent,
as recently pointed out in theoretical papers35–37.
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2Figure 1. (Color online) (a) Gxx after subtraction of the back-
ground as a function of the inverse of the magnetic field. The
line is a spline interpolation of experimental data, and it is a
guide for the eye. The inset shows Rxx before the background
subtraction. (b) Landau levels indexes inferred from conduc-
tance minima, and plotted as a function of 1/B. The red line
shows the fit obtained by fixing F to the value Fmax extracted
from the Fourier transform of ∆Gxx (see text for details), as
shown in the top left inset. Fmax = 179.3 T leads to an inter-
cept β = 0.46. The black line is obtained while keeping both
F and the intercept free for the linear fit: F = 175.1 T and the
intercept β is 0.89. The bottom right inset shows an optical
picture of a flake contacted in a Hall bar configuration.
The present work, therefore, responds to the need of
a better understanding of the properties of S-TI-S junc-
tions and of their proximity regime. Our findings sup-
port the picture of a ballistic transport occurring in edge
states of Bi2Se3 barriers independently of the supercon-
ducting electrodes, consistently with the conclusions of
Ref. [30]. Our study is sustained by a complete inde-
pendent characterization of the barrier material through
transport measurements in Hall bar geometry and by
scanning tunneling spectroscopy (STS) performed on the
cleaved surface of the crystal. These complementary
analyses provide a complete set of consistent parameters,
which allow us to assess that topological protected sur-
face states plays a crucial role in the Cooper pair trans-
port in our systems.
II. MAGNETO-CONDUCTANCE AND HALL
EFFECT ON BI2SE3 FLAKES
The devices presented in this paper are realized using
single crystals of Bi2Se3 fabricated by the melt-growth
method38,39. Flakes of a thickness of ' 500 nm are exfoli-
ated from the Bi2Se3 crystal and reduced to 30− 90 nm
through subsequent exfoliations40. The flakes are then
transferred to a Si/SiOx substrate, and contacted with
Al electrodes. To improve the adhesion with the Al elec-
trodes a thin layer (3− 5 nm) of Ti or Pt is deposited in
situ on the surface of the flake, previously cleaned by an
Ar+ ion etching.
The observation of SdH (shown in Fig. 1(a)) reveals the
presence of a high mobility two-dimensional (2D) trans-
port channel with a carrier density of 4.1 - 4.8 cm−2,
in good agreement with data available in literature24,30.
The 2D nature of the transport has been confirmed
through the measurement of the SdH as a function of
the angle. This channel has been identified as the topo-
logical edge state of the crystal, observed in STM.
A. Shubnikov - de Haas oscillations
We measured the Hall voltage VH , across the device, as
a function of the external magnetic field B when a current
I is applied along the axis of the Hall bar. We have ex-
tracted the longitudinal Rxx = Vxx/I and the transver-
sal Rxy = VH/I resistance in a Hall bar geometry on
exfoliated flakes, as shown in the inset of Fig. 1(b). The
values were recorded for a magnetic field sweeping from 0
to 14 T at 2 K in a Quantum Design PPMS System. The
corresponding values of Gxx and Gxy of the conductance
tensor are evaluated with the equation set41,42
Gxx = Rxx/(R
2
xy +R
2
xx)
Gxy = −Rxy/(R2xy +R2xx). (1)
We performed measurements on six Hall bars and we
observed Shubnikov-de Haas oscillations on five of them.
The position in field of the Landau levels can be extracted
from the minima of Gxx, signifying a complete filling of
a number n of Landau levels43.
In Fig. 1(b), we show a fan diagram where the Lan-
dau level indexes, determined from the minima of Gxx,
are plotted as a function of the reverse their position in
magnetic field 1/BN :
(2N − 1) = 2
(
F
BN
− 1
2
+ β
)
(2)
where N is the number of the minimum (corresponding
to the number of the Landau level), F is the frequency
of the oscillations, given by the slope of the fan diagram.
It is related to n2D by the Onsager’s relation
43
F =
1
2pi
(
~c
2pie
)
pik2F =
(
~c
e
)
n2D. (3)
3The linear fitting of the data allows us to extract the
two-dimensional carrier density of the surface n2D and
to infer the existence of a zero energy Landau level,
proper of a Dirac material. The value of n2D falls in the
4.1− 4.8 · 1012 cm−2 range, which confirms the high re-
producibility of 2D edge state. The value of the intercept
β of the fan diagram presented in Fig. 1(b), instead, gives
information about the presence of a zero energy Landau
level, expected in the case of Dirac electrons44–46. For
Dirac electrons, the Berry phase, ϕB = 2piβ is equal to pi
so the expected value of the intercept β is 1/2. However,
the conclusions of this analysis can strongly depend on
the procedure43 used to extract the intercept from the fan
diagram. To obtain the linear fit of the data in Fig. 1(b),
we have fixed the slope of the fan diagram to the value of
the frequency Fmax = 179.3 T extracted from the peak
position of the Fourier transform analysis of the Gxx. We
have then obtained an intercept equal to 0.46, which leads
to ϕB ' pi, compatible with the presence of Dirac elec-
trons. Alternatively, by keeping as free parameters both
F and the intercept, we get a value close of 0.89 and a rel-
ative phase ϕB ' 0 which is instead in agreement with
a conventional 2D electron gas. However, both values
obtained for the intercept can be accounted for within
the error on F extracted from the Fourier transform of
the Gxx data (see inset Fig. 1(b)). This uncertainty is
quite typical when the value of the magnetic field is not
high enough to populate low order Landau levels (close
to n = 0). In most cases, the population of low order
Landau levels is reached for field of the order of 30 T30.
As a consequence, the value of the phase extracted at
lower fields (in our case 14 T), can be misleading, as
discussed in literature30,43,47,48. In our sample, we have
also performed STM measurements, a technique which
allows to detect in a reliable way the presence of Dirac
electrons (see section below). The study of SdH as a
function of the angle, presented in the next section, con-
firms the 2D nature of the SdH, ruling out the possibility
that the oscillations arise from a bulk three-dimensional
(3D) transport channel49. Hall measurements performed
at low fields give evidence of the presence of two trans-
port channels, active in the bulk and at the edge of the
crystal, respectively.
B. SdH measurements as a function of the angle
Shubinkov - de Haas oscillations are not an exclusive
feature of 2D systems, but they can also be detected in
3D systems under some conditions, due to the formation
of Landau bands47,49. A support to the 2D nature of SdH
oscillations can be provided by a study of the behavior
of F as a function of the angle θ between the magnetic
field and the surface of the sample. Specifically in the
case of a 2D transport, F changes as 1/ cos θ, while a 3D
system shows deviations from this dependence, especially
at high angles as shown in the inset of Fig. 2(a).
We have measured Rxx as a function of the magnetic
Figure 2. (Color online) (a) Shubnikov-de Haas oscillations
as a function of the magnetic field (B) at different angles
θ between the direction of B and the plane of the current
transport. The magnetoresistance background has been sub-
tracted. Curves for various θ have been shifted for clarity.
Experimental data are in blue, while the red lines are the
fits using Eq. (4). The inset shows the values of the oscilla-
tion frequency inferred from the fit at different angles θ (blue
points). Here the red line is the co-sinusoidal behavior while
the dashed green line is the expected dependence in the case
of an ellipsoid shaped Fermi surface (two axes of the ellipsoid
are equal and the third axis is 2 times bigger). This is the ex-
pected shape of the Fermi surface for the bulk band structure
of Bi2Se3
50,51 (b) 2D and 3D Hall coefficients extracted from
the linear fit of the Rxy(B) curve between −5 T and 5 T. The
two coefficients show a clear trend with the flake thickness. A
dependence of both 2D and 3D coefficient indicates a parallel
transport through the bulk of the crystal and the 2D edge
state.
field for different angles θ. A set of measurements is
shown in Fig. 2(a). The oscillations have been fitted by
the Lifshiz-Kosevich model43
Rxx ∝ λ
sinh (λ)
exp
(
− pi
ωcτc
)
cos
[
2pi
(
F
B
+
1
2
+ ϕ′B
)]
(4)
where λ = 2pi2kBT/~ωc, ωc = eB/cmc is the cy-
clotron frequency, τc is the scattering time and mc is the
cyclotron mass. F is defined by the Onsager’s relation
(Eq. 3) and ϕ′B is a phase shift related to the presence of
a Landau level at zero energy.
In Fig. 2(a) we show the modulation of the frequency
of the resistance oscillations as a function of the angle52.
The modulation of F as a function of the angle θ follows a
4cosine curve up to at least 50°, as expected in the case of a
2D transport41, and differently from the ellipsoid shaped
Fermi surface expected for the bulk band structure of the
Bi2Se3
49,53.
C. Linear Hall Regime
While high field measurements are able to reveal the
presence of a high mobility 2D channel, low field mea-
surements are dominated by the shunting effect of the
bulk of the crystal. In the linear regime, the Hall coef-
ficient is independent of the sample geometry54, and it
is simply related to the carrier density of the device. In
the case of a 2D system the Hall coefficient is defined as
R2DH = VH / BI, while in 3D systems this quantity
should be normalized to the thickness d of the Hall bar
(R3DH = dVH / BI)
54. Clearly, R2DH and R
3D
H cannot
be simultaneously independent of the sample thickness.
One can infer if the transport takes place in the bulk of
the flake or in the 2D edge states by studying the thick-
ness dependence of the 2D and 3D Hall coefficients. In
our case, in spite of the pronounced data scattering a de-
pendence of both the 2D and the 3D Hall coefficients on
the thickness d can be observed, as shown in Fig. 2(b)
demonstrating the presence of two channels contributing
simultaneously to the transport, namely the bulk and the
surface54,55.
III. STM MEASUREMENTS OF BI2SE3
The existence of a Dirac cone at the surface of our
crystals has been verified by Scanning Tunneling Spec-
troscopy (STS) measurements (Fig. 3 and Fig. 4). Bi2Se3
was studied with an ultra high vacuum (UHV) STM
(Unisoku USM-1300). Single crystals were cleaved at
room temperature in UHV and immediately transferred
to the STM scanner at low temperature. Differential
conductance spectra (dI/dV (V )), which reflect the local
density of states, were obtained using a standard lock-in
technique at a temperature of 2 K.
In Fig. 3 a typical conductance spectrum is reported.
The spectrum exhibits a V-shape with a minimum at
V = −350 mV, representing the Dirac point. The pres-
ence of the Dirac point located below the Fermi level
has already been reported in literature56–59 and it has
been attributed to the presence of defects, predominantly
Se vacancies. STM topographic images (inset of Fig. 3)
reveal the presence of triangular-shaped defects with a
spacing of few nanometers that may represent either Se
vacancies and/or defects in the Bi plane.
STS spectra, acquired in a magnetic field applied per-
pendicular to the sample surface, present not equally
spaced peaks that are clearly visible above 5 T (Fig. 4(a))
and that are in agreement with Landau energy levels.
Since the Landau levels are a small perturbation on
a large background the Landau levels are presented in
Figure 3. Tunneling conductance spectrum acquired at the
surface of a Bi2Se3 crystal. The spectrum has been measured
with a bias modulation amplitude Vmod = 2.5 mVrms. The V-
shaped spectrum is consistent with the Dirac dispersion with
the Dirac point at V = −350 mV (minimum of the spectrum
indicated by the arrow and labeled as ED). The inset is an
atomic resolved topographic image showing triangular shaped
defects. The imaging conditions are: V = +0.1 V, I = 10 pA,
scan area is 14.5 nm x 14.5 nm (scale bar is 1 nm).
Fig. 4(b) with the background subtracted, for applied
magnetic fields of 7 and 8 T. It can be shown that, in
Dirac systems, the energy dependence of the Landau lev-
els, follows the aperiodic dispersion relation given by60:
En = ED + sgn(n)vF
√
2e~|n|B, where En is the en-
ergy of the nth Landau level, n = (0,±1,±2...±n) is the
Landau level index, ED is the Dirac point, vF the Fermi
velocity, ~ is the Plank constant and B the magnetic
field61. A plot of En versus
√
nB reveals a reasonable
good linear behavior above the Dirac point as expected
for the dispersion of a topological insulator (Fig. 4(c)).
Slight deviations from the linearity can be attributed to
the tip-gating effect57. No Landau levels were observed
below the Dirac point. This is consistent with previous
reports on Bi2Se3 crystals
57 and it can be attributed to
a coupling to the bulk valence band located just below
the Dirac point. An important feature is the presence of
a peak n = 0 at the Dirac point that is independent
of the applied magnetic field. For a conventional two-
dimensional electron gas system with a parabolic disper-
sion such a zeroth Landau level is not permitted.
IV. PROXIMITY EFFECT IN JOSEPHSON
JUNCTIONS AND D.C. SQUIDS
Josephson junctions and Superconducting Quantum
Interference Devices (SQUIDs) have been fabricated, us-
ing the crystals of Bi2Se3 described above.
Recently, superconductivity has been induced in
5Figure 4. (a) Tunneling conductance spectra acquired in the
presence of a magnetic field applied perpendicular to the sam-
ple surface. The spectra at different fields have been shifted
for clarity. The tunneling spectra above 5 T show a series
of peaks associated with the formation of Landau levels. (b)
dI/dV spectra at 7 T (in blue) and 8 T (in red) of Fig. 4(a).
After the subtraction the Landau levels are clearly visible and
they can be labeled. (c) Landau levels energy En as a function
of
√
nB. The dashed line is the linear fit of the data.
Bi2Se3 flakes both by Nb and Al electrodes. In
Nb/Bi2Te3/Nb junctions evidence of a ballistic regime,
with a conventional CPR, has been given30,33,37. This
has been interpreted as sign of a prevalent transport of
non-trivial two-dimensional surface state. Previous ex-
periments on Al/Bi2Se3/Al Josephson junctions
24,25,62
have given evidence of Josephson coupling. In the pa-
per by Williams et al. 25 , critical current dependence on
the magnetic field has been shown to have unconven-
tional behavior, later explained to be related to the pres-
ence of Pearl vortices in a long junction regime62. Sacepe
et al. 24 demonstrated gate tuning of the normal and su-
perconducting properties of the junction. These results
are summarized in Table I
The body of our results (presented below) confirms,
for Al/Bi2Se3/Al junctions, the dominant role of two
dimensional surface states to carry supercurrent, which
can be considered to some extent universal. Bi2Se3 crys-
tals, which are produced in quite different conditions and
whose surfaces are treated in quite different manners63,
behave as ballistic barriers independently of the exact
interface with the superconducting electrodes.
Measurements have been taken at low temperature in
a pseudo-four-point configuration, by anchoring the sam-
ple to the cold stage of a 3He/4He Oxford “Kelvinox”
dilution refrigerator. As for a complementary analysis
a 3He evaporation refrigerator Oxford “Heliox” has also
been used. Both cryogenic systems were equipped with
resistor-capacitor low pass filters, with a cut-off frequency
of 1.6 MHz, and Cu powder filters at low temperature. A
room temperature stage of low pass filters has also been
used. All the electronics have been designed to minimize
the thermal noise64. Further details on the electronics are
described elsewhere65. The cold stage of the cryostat was
equipped with a 10 mT superconducting coil (300 mT in
the ‘Heliox’), to apply an external magnetic field perpen-
dicularly to the junction plane (see the sketch in the inset
of Fig. 6(a)). The sample was also placed at about 1 cm
below a microwave antenna, therefore an rf signal with
tunable frequency and amplitude could be shined on the
sample.
The magnetic pattern demonstrates classical Fraun-
hofer features, as confirmed by our measurements and,
as a further check, by the magnetic modulations of a
Al/Bi2Se3/Al SQUID and a reference Al SQUID. No
peculiar unconventional effect has been observed (see
Fig. 6). The same conclusions of no unconventional be-
havior induced by the Bi2Se3 barrier apply to properties
of the junctions in presence of rf radiation11 (see Fig 5).
The temperature dependence of the critical current Ic
is the most revealing measurement of the ballistic regime
of the junction, as discussed in Sec. IV C (see Fig. 7).
The devices had a typical separation between elec-
trodes of 300− 400 nm, they showed a metallic-like re-
sistivity down to 50 K, and an almost temperature inde-
pendent resistance below this temperature. At 1.1 K a
transition to a superconducting state is observed. The
proximity effect is induced in Bi2Se3 through the Al su-
6Reference Junction L (nm) Ic (µA) eIcRn/∆ γ µ (m
2/Vs) n (1012 cm−2) Notes
This work
(Ti buffer
layer)
Al/Bi2Se3 400 0.228 0.011 0.6 - 4.1 - 4.8 Fig 7
This work
(Pt buffer
layer)
Al/Bi2Se3 300 1.67 0.086 0.9 - 4.1 - 4.8 Fig 5,6,7b (inset)
Veldhorst
et al. 30
Nb/Bi2Te3 50 18 0.02 - 0.8 1.2 Ballistic proxim-
ity effect
Sacepe
et al. 24
Al/Bi2Se3 400 0.3 0.073 - 0.093 - 0.5 1 - 5 Gate tunability
of n and Ic
Williams
et al. 25
Al/Bi2Se3 45 0.850 0.067 - 0.267 - - - Anomalous
Fraunhofer
patterns
Rokhinson
et al. 11
Nb/InSb 30 0.45 0.13 >0 - - Anomalous
Shapiro steps
Oostinga
et al. 34
Nb/HgTe 200 3.8 0.19 0.5 2.6 0.5 No bulk losses
Table I. Comparison of the parameters of two of the junctions realized in this work with those available in the literature.
perconducting leads. Our devices showed a critical cur-
rent ranging between 50 nA and 1.5 µA at 300 mK. The
value of the critical current is mainly limited by the trans-
parency of the interfaces. Despite some spread in the
junction parameters, due to the quality, surface treat-
ment and aging of the samples, the same conclusions dis-
cussed below are of general validity. High transparency
interfaces were achieved using a Pt interlayer between the
Al electrode and the Bi2Se3 flake. Devices with lower bar-
rier transparency have been achieved using a Ti interface.
The Current-Voltage characteristics (IV curves) of our
devices show a non hysteretic behavior, well described
by the Resistively Shunted Junction (RSJ) model21.
A. Microwave Field in Josephson Junctions
To study the nature of dissipation-less transport in our
junctions, we performed measurements of IV curves in
the presence of microwave irradiation. We have detected
Shapiro steps in the interval of 1.5− 4 GHz, confirming
the presence of the a.c. Josephson effect. In Fig. 5(a),
typical IV curves with an increasing microwave radia-
tion power are displayed. Since our junctions are current
biased, and their characteristic voltage IcRN is much
bigger than the microwave frequency ~ωRF /2e (nomi-
nally the dimensionless parameter η = ~ωRF /2eIcRN
is 0.22), we are in a regime where the modulation of
the Shapiro steps does not follow the Bessel-like depen-
dance on microwave amplitude, relevant for voltage bi-
ased JJs21. The modulation of the lowest order steps was
then numerically simulated using equation66
α0 + α1 sin (ητ) =
dϕ
dτ
+ sinϕ (5)
where α0 = I/Ic, α1 = IRF /Ic are the d.c. and
a.c. component of the current bias, normalized by the
critical current and τ = Ωt the normalized time with
Ω = 2eIcRN/~. Shapiro steps modulations measured on
Bi2Se3 junctions have been efficiently reproduced using
a sinϕ current phase relation. In Fig. 5(b), the mea-
sured modulation of the first 3 Shapiro steps are com-
pared with numerical simulation, obtained solving Eq 5
(inset of Fig. 5(b)). The good agreement between data
and simulations strongly supports a Josephson transport
with a conventional CPR.
B. Magnetic Field Features in Josephson Junctions
and SQUIDs
Possible anomalies in the CPR can be also detected
by studying the modulations of the critical current of
junctions and SQUIDs as a function of an external mag-
netic field, via the d.c. Josephson effect21–23,37. We have
measured conventional Fraunhofer patterns in Josephson
junctions with Bi2Se3 barrier, see Fig. 6(a). Indeed the
measured period of the magnetic field pattern is in rea-
sonable agreement with the expected period, considering
a conventional CPR67. Also, the London penetration
length in the thin aluminum electrodes could be higher
than their bulk value68,69, which can make the real area
of the junction larger than expected. We also measured
the modulation of the critical current as a function of
the magnetic field for d.c. SQUID with the same Bi2Se3
barrier, as presented in Fig. 6(b). For comparison we
have measured the period of the SQUID oscillations of a
bare Al reference SQUID, realized on the same chip (also
shown in Fig. 6(b)). The Al/Bi2Se3 SQUID and the ref-
erence device show the same modulation period, which
further supports the existence of a conventional CPR.
7Figure 5. (a) IV curves of a Josephson junction at the temper-
ature of 300 mK for different power of the applied microwaves
at the output of the microwave source, with a frequency of
2 GHz. The curves have been shifted for clarity. (b) Experi-
mental and simulated (inset) data showing the modulation of
the critical current and of the amplitude of the 2 first Shapiro
steps as a function of the applied microwave power. Here we
have assumed a conventional I = Ic sinϕ CPR.
C. Temperature Dependence of the Critical
Current
In Fig. 7(b), we report the critical current of one of the
devices as a function of the temperature, down to 20 mK.
The device was fabricated using a Ti interface, and shows
a critical current of about 230 nA. In the inset we have
also rescaled the critical currents of two samples with
different buffer layers (Pt and Ti), showing a remarkable
collapse onto the same curve.
We have performed a fit procedure of the Ic vs T curves
using the equation70,71
Ic(T ) ∝
√
Te
− 2pikBTEth (6)
where Eth is the Thouless energy. A value of the Thou-
less energy of about Eth = 100 µeV gives a fairly good fit
of experimental data above 150 mK. Below this tempera-
ture, the validity of Eq. 6 breaks down as kBT < Eth/2pi.
Such estimate of the Thouless energy is comparable with
the gap of aluminium (e∆ = 130 µeV), therefore the
junction lies in an intermediate regime between the long
and short junction limit72.
The value of the Thouless energy allows us to estimate
the coherence length at a temperature T = Eth/2pikB rep-
resenting the minimum T where the relation 6 holds.
For this temperature (T ∼150 mK), using a vF =
4.2 · 105 m/s73,74 for the Fermi velocity of Bi2Se3 we es-
timated a coherence length ξn = ~vF /Eth of ∼ 3 µm,
which is larger than the distance between electrodes
(300 nm). This large value of ξn is in agreement with
the typical scale of the coherence length of traditional
metals in S-N-S junctions75,76.
Figure 6. (a) Critical current as a function of the exter-
nal magnetic field in a Al/Bi2Se3/Al Josephson junction at
300 mK. The red line is the reference curve appropriate for
a small junction with a uniform critical current density. The
inset shows a sketch of the device and an optical image. (b)
Critical current modulations as a function of the magnetic
field of a Al/Bi2Se3/Al SQUID (blue curve), compared to
that of a reference SQUID (red curve). Both measurements
have been performed at 300 mK. The two devices have mod-
ulations with the same periodicity. The different modulation
depth is related to the different value of the kinetic inductance
of the loops.
This gives a first hint of ballistic transport regime
through the topologically protected surface states of the
TI. The presence of defects with a spacing of few nanome-
ters demonstrated by the STM topography images (see
Fig. 3), would not be consistent with a ballistic transport,
without invoking the presence of topologically protected
edge states.
We have collected Ic values in a well distributed tem-
perature range with respect toVeldhorst et al. 30 , which
8Figure 7. (a) IV curves of a Josephson junction as a func-
tion of the temperature. (b) Critical current of a Josephson
junction as a function of the temperature. The analytical fit
of the data to Eq. 6 leads to a Thouless energy of about
Eth = 100 µeV (shown in green). The numerical Eilenberger
fit is shown in red. In the inset the critical current as a func-
tion of temperature is reported, in normalized units, for a
junction with a Ti buffer layer and a junction of Pt buffer
layer. Both devices show the same trend.
allows a more accurate fitting of the Ic(T ). In Fig. 7(b)
we fit the data using a super current density expression
derived in the clean limit in Ref. [77], starting from the
Eilenberger equations, which is valid in our whole tem-
perature range:
I = a
2
pi
ek2F
kBT
h
sin(χ)
∑
ωn
∫ 1
0
ζ dζ
t2
Q1/2(t, χ, ζ)
(7)
where ζ = kx/kF and t = D/(2 −D) with D the trans-
parency of the S-TI interface and a is the cross sec-
tion of the junction. Other parameters are reported in
footnotes78. The prefactor of Eq. 7 is connected with
the normal resistance of the sample RN which is un-
known due to the shunt of the surface state with the
bulk states. Therefore, following Ref. [30] we use it as a
fitting parameter. The IcRN product of the junction is
lower than the values expected from the Ambegaokar -
Baratoff model21, which, on the other hand, is expected
to hold only in the case of tunnel junctions. However the
measured values of IcRN are consistent with all other
measurements in the literature24,25,30 (see Table I).
The transparencies at the barriers are assumed to be
equal to each other and they are given by D ∼ 0.61, con-
sistently from what is expected by the excess current of
Iexc/Ic ∼ 0.326. With these data we obtain a reasonably
good fit in the whole temperature range. An attempt to
fit experimental data in the diffusive regime through Us-
adel equations does not provide a self consistent scenario,
and yields unphysical values of the fitting parameters.
The ballistic limit supports the hypothesis of a transport
through the topologically protected surface states of the
TI.
If we naively assume that the measured normal resis-
tance of the junctions is coming from the contribution
of the 2D channel and calculate the corresponding IcRN
product, we obtain a value of 1.57 µeV which is 2 or-
der of magnitudes smaller than the bare gap of the Al
electrodes. This is consistent with what is observed in
literature as shown in Table I. On the one hand, bulk
shunt strongly increases the conductivity of the sample,
thus reducing the measured RN . The ratio between the
surface and the bulk resistivity in our samples cannot be
easily determined. Despite an almost identical geometry,
the samples with a Pt buffer layer show a critical current
which is an order of magnitude larger than those with
Ti, reflecting different proximity in the buffer layer63.
V. SUMMARY AND CONCLUSIONS
Exfoliated flakes of Bi2Se3 have been characterized by
longitudinal and transverse resistance (Hall effect) as a
function of the external magnetic field. The presence of a
2D edge state with a carrier density of n ' 4.5 1012 cm−2
has been proved by the study of SdH oscillations, through
the angle dependence of the Shubnikov-de Haas oscilla-
tions.
The existence of Dirac electrons in our samples has
been clearly demonstrated by STM measurements. Tun-
neling spectra acquired in applied magnetic fields per-
pendicular to the sample surface reveal the presence of
Landau levels with unique characteristics of Dirac elec-
trons. The most important feature is the n = 0 Landau
level at the Dirac point, which is independent of the mag-
netic field.
The proximity effect in Al/Bi2Se3/Al Josephson junc-
tions and SQUIDs was also studied. The samples have
been characterized by studying the response of the criti-
cal current to an external magnetic field and in presence
of microwave irradiation. The temperature dependence
of the critical current showed a ballistic transport, with
a coherence length in the TI of about 3 µm. This co-
herence length is much longer than the typical distance
between the scattering centers found by STM (of few
nm), which give strong indication that the super-current
is carried by the topological surface states. The complete
set of experimental data, assisted by a comparative anal-
ysis of different theoretical frameworks and the relative
numerical codes, supports the notion of a super-current
carried by the topological surface states. The analysis
of the magnetic pattern and of the Shapiro steps as a
9function of the microwave power are consistent with a
conventional CPR, and finally confirmed by phase sensi-
tive experiments performed on reference SQUIDs.
These findings are not necessarily ruling out the possi-
bility of observing Majorana fermions fingerprints, which
could be washed out by the large number N of channels
involved in the transport35 (N of the order of 500). The
single channel regime would be rather the ideal experi-
mental configuration to detect MF. This would be real-
ized by reducing the size of the flake to the nano-scale36,
thus reducing shunting effects of the conductive bulk.
This work is in progress, and it is based on the ‘universal-
ity’ of the ballistic regime, which occurs in Bi2Se3based
barriers independently of the superconducting material
of the electrodes.
We expect that new insights into the transport can also
come from the study of switching current experiments, in
analogy with recent works carried out on junctions with
various barriers79–81. At the same time, by reducing the
size of the flake and by engineering tunnel contacts, one
can get access to a new regime where charging effects
are relevant82, possibly revealing new interesting physics,
beyond the Majoranas.
VI. ACKNOWLEDGEMENTS
The Authors acknowledge financial support by MIUR-
Italy through Prin project 2009 ”Nanowire high critical
temperature superconductor field-effect devices”, Pro-
getto FIRB HybridNanoDev RBFR1236VV COST Ac-
tion - [MP1201] Nanoscale Superconductivity: ”Novel
Functionalities Through Optimized Confinement of Con-
densate and Fields” [NanoSC - COST] by the Swedish
Research Council (VR) and SSF under the project
Graphene based high frequency electronics and KAW un-
der project ”Dirac Materials”. One of us (S. C.) thanks
the partial financial support of the Fonds Que´be´cois de
la Recherche Sur la Nature et les Technologies. Work at
Temple University (STM measurements) was supported
by the U.S. Department of Energy, Office of Basic Energy
Sciences, Division of Materials Sciences and Engineering
under Award de-sc0004556.
∗ L. Galletti: luca.galletti@unina.it
1 A. I. Buzdin, Rev. Mod. Phys. 77, 935 (2005).
2 A. A. Golubov, M. Y. Kupriyanov, and E. Il’ichev, Rev.
Mod. Phys. 76, 411 (2004).
3 L. Angers, F. Chiodi, G. Montambaux, M. Ferrier,
S. Gue´ron, H. Bouchiat, and J. C. Cuevas, Phys. Rev.
B 77, 165408 (2008).
4 F. Bergeret and J. Cuevas, Journal of Low Temperature
Physics 153, 304 (2008).
5 N. Argaman, Superlattices and Microstructures 25, 861
(1999).
6 L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
7 L. Jiang, D. Pekker, J. Alicea, G. Refael, Y. Oreg, and
F. von Oppen, Phys. Rev. Lett. 107, 236401 (2011).
8 V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P.
A. M. Bakkers, and L. P. Kouwenhoven, Science 336,
1003 (2012).
9 M. T. Deng, C. L. Yu, G. Y. Huang, M. Larsson, P. Caroff,
and H. Q. Xu, Nano Lett. 12, 6414 (2012).
10 A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and
H. Shtrikman, Nature Phys. 8, 887 (2012).
11 L. P. Rokhinson, X. Liu, and J. K. Furdyna, Nature Phys.
8, 795 (2012).
12 H. O. H. Churchill, V. Fatemi, K. Grove-Rasmussen, M. T.
Deng, P. Caroff, H. Q. Xu, and C. M. Marcus, Phys. Rev.
B 87, 241401 (2013).
13 A. D. K. Finck, D. J. Van Harlingen, P. K. Mohseni,
K. Jung, and X. Li, Phys. Rev. Lett. 110, 126406 (2013).
14 J. Nilsson, A. R. Akhmerov, and C. W. J. Beenakker,
Phys. Rev. Lett. 101, 120403 (2008).
15 Y. Tanaka, T. Yokoyama, and N. Nagaosa, Phys. Rev.
Lett. 103, 107002 (2009).
16 R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev.
Lett. 105, 077001 (2010).
17 Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett.
105, 177002 (2010).
18 C. Nayak, S. H. Simon, A. Stern, M. Freedman, and
S. Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
19 A. Stern, Nature 464, 187 (2010).
20 A. Y. Kitaev, Phys.-Usp. 44, 131 (2001).
21 A. Barone and G. Paterno, Physics and Applications of the
Josephson Effect (John Wiley, New York, 1982).
22 K. Kang, Europhys. Lett. 51, 181 (2000).
23 F. Loder, A. P. Kampf, and T. Kopp, Phys. Rev. B 78,
174526 (2008).
24 B. Sacepe, J. B. Oostinga, J. Li, A. Ubaldini, N. J. G.
Couto, E. Giannini, and A. F. Morpurgo, Nat. Commun.
2, 575 (2011).
25 J. R. Williams, A. J. Bestwick, P. Gallagher, S. S.
Hong, Y. Cui, A. S. Bleich, J. G. Analytis, I. R. Fisher,
and D. Goldhaber-Gordon, Phys. Rev. Lett. 109, 056803
(2012).
26 D. Zhang, J. Wang, A. M. DaSilva, J. S. Lee, H. R. Gutier-
rez, M. H. W. Chan, J. Jain, and N. Samarth, Phys. Rev.
B 84, 165120 (2011).
27 P. Zareapour, A. Hayat, S. Y. F. Zhao, M. Kreshchuk,
A. Jain, D. C. Kwok, N. Lee, S.-W. Cheong, Z. Xu,
A. Yang, G. D. Gu, S. Jia, R. J. Cava, and K. S. Burch,
Nat. Commun. 3, 1056 (2012).
28 F. Yang, Y. Ding, F. Qu, J. Shen, J. Chen, Z. Wei, Z. Ji,
G. Liu, J. Fan, C. Yang, T. Xiang, and L. Lu, Phys. Rev.
B 85, 104508 (2012).
29 F. Yang, F. Qu, J. Shen, Y. Ding, J. Chen, Z. Ji, G. Liu,
J. Fan, C. Yang, L. Fu, and L. Lu, Phys. Rev. B 86,
134504 (2012).
30 M. Veldhorst, M. Snelder, M. Hoek, T. Gang, V. K.
Guduru, X. L. Wang, U. Zeitler, W. G. van der Wiel,
A. A. Golubov, H. Hilgenkamp, and A. Brinkman, Na-
ture Mater. 11, 417 (2012).
10
31 F. Qu, F. Yang, J. Shen, Y. Ding, J. Chen, and Z. Ji, Sci.
Rep. 2, 339 (2012).
32 G. Koren and T. Kirzhner, Phys. Rev. B 86, 144508 (2012).
33 M. Veldhorst, C. G. Molenaar, X. L. Wang,
H. Hilgenkamp, and A. Brinkman, Appl. Phys. Lett. 100,
072602 (2012).
34 J. B. Oostinga, L. Maier, P. Schuffelgen, D. Knott,
C. Ames, C. Brune, G. Tkachov, H. Buhmann, and L. W.
Molenkamp, Phys. Rev. X 3, 021007 (2013).
35 M. Snelder, M. Veldhorst, A. A. Golubov, and
A. Brinkman, Phys. Rev. B 87, 104507 (2013),
arXiv:1302.4206.
36 A. C. Potter and L. Fu, Phys. Rev. B 88, 121109 (2013).
37 M. Veldhorst, C. G. Molenaar, C. J. M. Verwijs,
H. Hilgenkamp, and A. Brinkman, Phys. Rev. B 86,
024509 (2012).
38 Y. Tanaka, K. Nakayama, S. Souma, T. Sato, N. Xu,
P. Zhang, P. Richard, H. Ding, Y. Suzuki, P. Das, K. Kad-
owaki, and T. Takahashi, Phys. Rev. B 85, 125111 (2012).
39 P. Das, Y. Suzuki, M. Tachiki, and K. Kadowaki, Phys.
Rev. B 83, 220513 (2011).
40 G. Zhang, H. Qin, J. Teng, J. Guo, Q. Guo, X. Dai,
Z. Fang, and K. Wu, Appl. Phys. Lett. 95, 053114 (2009).
41 D.-X. Qu, Y. S. Hor, J. Xiong, R. J. Cava, and N. P. Ong,
Science 329, 821 (2010).
42 J. R. Lindemuth, III-Vs Review 19, 28 (2006).
43 Y. Ando, J. Phys. Soc. Jpn. 82, 102001 (2013).
44 K. Novoselov, A. K. Geim, S. Morozov, D. Jiang, M. Kat-
snelson, I. Grigorieva, S. Dubonos, and A. Firsov, nature
438, 197 (2005).
45 Y. Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature
438, 201 (2005).
46 I. A. Luk’yanchuk and Y. Kopelevich, Phys. Rev. Lett. 97,
256801 (2006).
47 H. L. Stormer, J. P. Eisenstein, A. C. Gossard, W. Wieg-
mann, and K. Baldwin, Phys. Rev. Lett. 56, 85 (1986).
48 J. Xiong, Y. Luo, Y. Khoo, S. Jia, R. J. Cava, and N. P.
Ong, Phys. Rev. B 86, 045314 (2012).
49 K. Eto, Z. Ren, A. A. Taskin, K. Segawa, and Y. Ando,
Phys. Rev. B 81, 195309 (2010).
50 M. Stordeur, K. K. Katavong, A. Priemuth, H. Sobotta,
and V. Riede, phys. stat. sol. (b) 169, 505 (1992).
51 S. K. Mishra, S. Satpathy, and O. Jepsen, J. Phys.: Con-
dens. Matter 9, 461 (1997).
52 Shubnikov-de Haas oscillations have been stud-
ied on various Bi compounds with various
interpretations30,41,54,73,83–85. Quite recently SdH de-
tected on Bi2Se3 flakes were attributed to an effect
of a possible layered bulk material, having therefore a
cylindrical Fermi surface (implying a cosine dependence
of the frequency of the oscillations as a function of the
angle)86. In this work the authors also extracted a ϕB = 0
phase, in agreement with the absence of Dirac electrons.
53 M. Barkeshli and X.-L. Qi, Phys. Rev. Lett. 107, 206602
(2011).
54 H. Steinberg, D. R. Gardner, Y. S. Lee, and P. Jarillo-
Herrero, Nano Lett. 10, 5032 (2010).
55 Y. S. Kim, M. Brahlek, N. Bansal, E. Edrey, G. A. Kapile-
vich, K. Iida, M. Tanimura, Y. Horibe, S.-w. Cheong, and
S. Oh, Phys. Rev. B 84, 073109 (2011).
56 T. Hanaguri, K. Igarashi, M. Kawamura, H. Takagi, and
T. Sasagawa, Phys. Rev. B 82, 081305 (2010).
57 P. Cheng, C. Song, T. Zhang, Y. Zhang, Y. Wang, J.-F.
Jia, J. Wang, Y. Wang, B.-F. Zhu, X. Chen, X. Ma, K. He,
L. Wang, X. Dai, Z. Fang, X. Xie, X.-L. Qi, C.-X. Liu, S.-
C. Zhang, and Q.-K. Xue, Phys. Rev. Lett. 105, 076801
(2010).
58 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).
59 D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier,
J. Osterwalder, L. Patthey, J. G. Checkelsky, N. P. Ong,
A. V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor,
R. J. Cava, and M. Z. Hasan, Nature 460, 1101 (2009).
60 A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S.
Novoselov, and A. K. Geim, Rev. Mod. Phys. 81, 109
(2009).
61 Y. Zheng and T. Ando, Phys. Rev. B 65, 245420 (2002).
62 I. Sochnikov, A. J. Bestwick, J. R. Williams, T. M. Lipp-
man, I. R. Fisher, D. Goldhaber-Gordon, J. R. Kirtley,
and K. A. Moler, Nano Lett. 13, 3086 (2013).
63 L. Galletti, S. Charpentier, F. Tafuri, D. Massarotti,
R. Arpaia, P. Lucignano, A. Tagliacozzo, T. Bauch,
Y. Suzuki, K. Kadowaki, and F. Lombardi, Physica C
(Submitted) (2014).
64 L. Longobardi, D. A. Bennett, V. Patel, W. Chen, and
J. E. Lukens, Review of Scientific Instruments 84, 014706
(2013).
65 L. Longobardi, D. Massarotti, G. Rotoli, D. Stornaiuolo,
G. Papari, A. Kawakami, G. P. Pepe, A. Barone, and
F. Tafuri, Phys. Rev. B 84, 184504 (2011).
66 P. Russer, J. Appl. Phys. 43, 2008 (1972).
67 P. A. Rosenthal, M. R. Beasley, K. Char, M. S. Colclough,
and G. Zaharchuk, Appl. Phys. Lett. 59, 3482 (1991).
68 R. W. Cohen and B. Abeles, Phys. Rev. 168, 444 (1968).
69 F. Behroozi, M. P. Garfunkel, F. H. Rogan, and G. A.
Wilkinson, Phys. Rev. B 10, 2756 (1974).
70 V. Z. Kresin, Phys. Rev. B 34, 7587 (1986).
71 K. W. Lehnert, N. Argaman, H.-R. Blank, K. C. Wong,
S. J. Allen, E. L. Hu, and H. Kroemer, Phys. Rev. Lett.
82, 1265 (1999).
72 C. W. J. Beenakker, “Three universal mesoscopic joseph-
son effects,” (Springer Verlag, New York, 1992) Chap.
Transport Phenomena in Mesoscopic Systems, pp. 235–
253.
73 J. G. Analytis, R. D. McDonald, S. C. Riggs, J.-H. Chu,
G. S. Boebinger, and I. R. Fisher, Nature Phys. 6, 960
(2010).
74 K. He, Y. Zhang, C.-Z. Chang, C.-L. Song, L.-L. Wang,
X. Chen, J.-F. Jia, Z. Fang, X. Dai, W.-Y. Shan, S.-Q.
Shen, Q. Niu, X.-L. Qi, S.-C. Zhang, X.-C. Ma, and Q.-K.
Xue, Nature Phys. 6, 584 (2010).
75 J. Clarke, Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences 308, 447
(1969).
76 J. Clarke, Phys. Rev. B 4, 2963 (1971).
77 A. V. Galaktionov and A. D. Zaikin, Phys. Rev. B 65,
184507 (2002).
78 With
Q =
[
t2 cos(χ) + (1 + (t2 + 1)ω2n/∆
2) cosh (2ωnL/µ~vF ) +
+2tωnΩn/∆
2 sinh (2ωnL/µ~vF )
]2 − (1− t2)2Ω2n/∆2
where ωn = 2pikBT (2n+ 1) are the Matsubara frequencies
and Ωn =
√
ω2n + ∆2. χ is the phase difference between the
two superconducting islands.
79 L. Longobardi, D. Massarotti, D. Stornaiuolo, L. Galletti,
G. Rotoli, F. Lombardi, and F. Tafuri, Phys. Rev. Lett.
109, 050601 (2012).
11
80 D. Massarotti, L. Longobardi, D. Stornaiuolo, L. Galletti,
G. Rotoli, A. Kawakami, G. Pepe, and F. Tafuri, Journal
of Superconductivity and Novel Magnetism 26, 835 (2013).
81 U. C. Coskun, M. Brenner, T. Hymel, V. Vakaryuk,
A. Levchenko, and A. Bezryadin, Phys. Rev. Lett. 108,
097003 (2012).
82 D. Gustafsson, D. Golubev, M. Fogelstro¨m, T. Claeson,
S. Kubatkin, B. T., and L. F., Nature Nanotech. 8, 25
(2013).
83 F. Xiu, L. He, Y. Wang, L. Cheng, L.-T. Chang, M. Lang,
G. Huang, X. Kou, Y. Zhou, X. Jiang, Z. Chen, J. Zou,
A. Shailos, and K. L. Wang, Nature Nanotech. 6, 216
(2011).
84 A. A. Taskin, Z. Ren, S. Sasaki, K. Segawa, and Y. Ando,
Phys. Rev. Lett. 107, 016801 (2011).
85 A. A. Taskin, S. Sasaki, K. Segawa, and Y. Ando, Phys.
Rev. Lett. 109, 066803 (2012).
86 H. Cao, J. Tian, I. Miotkowski, T. Shen, J. Hu, S. Qiao,
and Y. P. Chen, Phys. Rev. Lett. 108, 216803 (2012).
